Background-The polyamines (putrescine, spermidine, and spermine) are involved in cellular growth, proliferation, and differentiation. In the lungs of various species, polyamines are accumulated by an active uptake system which also mediates the uptake of cystamine and paraquat. In the rat lung putrescine uptake has been shown to be cellspecific, occurring predominantly in the alveolar epithelium. The aim of this study was to characterise the uptake of putrescine in human lung. Methods-Lung tissue was obtained from 31 patients undergoing surgery for lung cancer. Slices (0 7 mm thick) from nontumour contaiig lung parenchyma were incubated for 15-60 minutes in Krebs-Ringer phosphate buffer with various concentrations of putrescine (2.5 to 80 MumolIl) containing 0.1 uCi [1,4-'4CJ-putrescine. Uptake was assessed from tissue radioactivity. For autoradiographic imaging, slices were incubated for 30 minutes with 2 5 pcmol/l putrescine containing 2'5 mCi [1,4n-3H]-putrescine.
Results-The accumulation of [14C1-putrescine into slices was time-dependent and energy-dependent, and obeyed saturation kinetics, with mean calculated values for V.. (maximal rate of uptake) of 414 nmoUglhour and for Km (medium concentration at which the rate of uptake is half V..) of 7x2 4umol/l, with a large interindividual variation. Competitive inhibition was observed on incubation with cystamine, which appears to have a high affinity for the uptake system since its calculated Ki (concentration of inhibitor at which the Km is doubled) was 3-2 umol/l. Ultrastructural autoradiography showed labelling over both type I and type II cells of the alveolar epithelium, but not over the endothelium or any cells of the interstitium. Alveolar macrophages were also devoid of label. Conclusions-These results show that the human lung possesses an active uptake system for putrescine, and probably also cystamine, which is located in both cell types of the alveolar epithelium. Putrescine, or 1,4-diaminobutane (NH2-(CH2)4-NH2), is an endogenous diamine resulting from the decarboxylation of ornithine by the ubiquitous and highly inducible enzyme ornithine decarboxylase. Putrescine is the precursor for the biosynthesis of the other polyamines, spermidine and spermine. The polyamines are organic cations involved in, and essential for, many cellular processes including cell growth, proliferation, and differentiation in both normal and malignant cells.' 2 Interest in the handling of polyamines by the lung has stemmed in part from the observation that the pneumotoxic herbicide paraquat is accumulated by the lung (and not by other major organs) in a saturable and energy-dependent manner via an active uptake system.' It has also been shown that the polyamines putrescine, spermidine and spermine,45 as well as the physiologically occurring disulphide cystamine,6 are excellent natural substrates for the uptake system.
In vitro and in vivo experiments have demonstrated the existence of a polyamine uptake system in the lungs of all laboratory animal species examined,47 and BrookeTaylor et a18 have indicated, in limited experiments, that a similar mechanism for the accumulation of polyamines and paraquat also exists in human peripheral lung. In the rat the accumulation of polyamines has been shown to be cell-specific, occurring predominantly in alveolar type II cells,9"2 alveolar type I cells" and, at least in vitro, also in Clara cells.'"' The purpose of the present study was to investigate more fully the polyamine uptake in the human lung and to define (1) the kinetic parameters for the accumulation of putrescine; (2) the competitive inhibition of putrescine uptake by cystamine; and (3) the cell types into which putrescine is accumulated. in KRPB containing 2-5 4umolIl putrescine and [1,4n-'H]-putrescine (500 uCi/,umol). At the end of the incubation the slices were fixed in 6-5% glutaraldehyde in 0-1% cacodylate buffer (pH 7 4) and prepared for autoradiography as previously described.9" Slices for light microscopy were embedded in EPON 812 resin and sections of 1 jim thickness were mounted onto microscope slides. The slides were dipped at 40°C into an Ilford Nuclear Research Emulsion Gel K2 nuclear emulsion (25%), dried, and kept at 4°C in the dark. After 50 days the slides were developed (Ilford Phenisol, 15 minutes), fixed (1% acetic acid, two minutes, 30% sodium thiosulphate) and stained (0 1% toluidine blue in 0O1% borax, 37°C, nine minutes). Slices for electron microscopy were postfixed in 1 % osmium tetroxide in buffer (0 1 mol/l with respect to sodium cacodylate and 0 04 mol/l with respect to potassium ferrocyanide) for three hours and stained en bloc in 2% uranyl acetate at 60°C for 16 hours. They were embedded in Araldite and sections, 1 jum thick, were examined by light microscopy.
Methods
Further 1,um sections were cut from selected areas, collected on celloidin-coated microscope slides, and coated with Ilford Nuclear Research Emulsion Gel L4 emulsion. They were exposed for 21 days in a light proof desiccator at 40C before the emulsion was developed (Kodak D-1 9, four minutes). The unstained sections were transferred to grids and examined, by electron spectroscopic imaging, in a Zeiss CEM 902A electron microscope.
CALCULATION OF THE KINETIC PARAMETERS AND STATISTICAL ANALYSES
When duplicate determinations were available the average value was taken. The apparent kinetic parameters, Vm. (the maximal rate of uptake expressed in nmol/g/hour) and Km (the medium concentration at which the rate of uptake is half Vmax, expressed in pumol/l substrate), were calculated from a HanesWoolf plot. '6 For incubations in the presence of cystamine, competitive inhibition was verified by a Cornish-Bowden plot'7 and the inhibitor constant Ki (the concentration of the inhibitor at which the Km is doubled, expressed in umolI inhibitor) was determined using the method of Lineweaver-Burk. '6 Because of the large variation between different patients a box plot'8 was used to detect outlying values. This method using the median, the approximate quartiles (upper and lower hinge), and H spread (difference between upper and lower hinge) allowed the identification of outlying values at each incubation: data points falling outside the range covered by the lower hinge minus 1-5 times the H spread and the upper hinge plus 1-5 times the H spread were considered as outlying values. '8 Data from control and treated slices were compared by the Student's t test for paired data, or by analysis of variance with Duncan grouping using the SAS/STAT (SAS Institute Inc., Cary, North Carolina, USA) package (sixth version). The level of significance was set at p < 0-05.
Results

PRELIMINARY EXPERIMENTS (VIABILITY OF LUNG TISSUE)
Preliminary experiments were carried out in a room adjoining the operating theatre to ensure that slices could be prepared and used some time after the lung tissue had been removed. The uptake of putrescine was compared in lung slices prepared immediately upon receipt of the tissue and in slices prepared from such tissue kept for one hour at room temperature in KRPB. The results from four patients showed no significant differences in the rate of uptake of putrescine between fresh and one hour old tissue (data not shown). Subsequent data were all obtained with tissue which was transported in KRPB at room temperature and reached the laboratory well within one hour of the resection.
Measurements of the incorporation of [3H]-leucine into proteins, the oxidation of [6-14C]-glucose, or the uptake of putrescine in tissue from four patients showed no differences between incubations started approximately one hour after resection and those carried out after keeping the tissue for another two or three hours in KRPB at room temperature, thus indicating that the metabolic functions of the lung tissue were well preserved over this time (data not shown).
TIME-DEPENDENT AND ENERGY-DEPENDENT UPTAKE OF PUTRESCINE
The accumulation of putrescine (10 and 80 umolIl) into human lung slices was found to be linear with time up to 45 minutes of incubation (fig 1) . Uptake in medium containing 80,umol/I putrescine reached a plateau after incubation for one hour (data not shown). In all subsequent experiments the duration of incubation for uptake experiments was 30 minutes (except in one subject where it was 45 minutes). Tissue accumulation during cold (4°C) incubation was found to be much less than at 37°C, and to be linear with both time (data not shown) and concentration (fig 2) . The incorporation of antimycin A (04 4ug/ml) into medium containing 10 or 80 ,umolI1 putrescine significantly reduced the mean (SD) uptake to 28% (17%) and 27% (8%) of the control levels respectively (n = 5). 5b) . Very few silver grains were found over the elastin, collagen, or other non-
Discussion
Our experiments confirm that the human lung possesses an active uptake system for putrescine, with characteristics which are very similar to those found in the rat, both with regard to biochemical parameters and the cellular specificity for the alveolar epithelium.
The results of our preliminary experiments indicated that the putrescine uptake system, as well as protein synthesis and glucose oxidation, remained stable for at least three hours after collection of the lung tissue, thus demonstrating that tissue slices are appropriate for the short term study of pulmonary metabolism.'9 Nevertheless, there was considerable variation in the data from different patients-for example, in the one hour old tissue examined at the hospital individual values for Km varied from 4 6 to 59 5,pmol/l and Vma varied from 413 to 794 nmol/g/hour in the four patients investigated. In the entire patient population examined we found no correlation between the individual kinetic parameters and the age of the patients; however, the age range in our series of patients with lung cancer was not large, since most subjects (71%) were aged between 50 and 70 years, usually being men (90%) and smokers or former smokers. We grouped the patients into subjects with histologically "normal" alveolar parenchyma (n = 23), subjects with signs of emphysema (n = 5), and subjects with signs of fibrosis (n = 3), but found no consistent differences between these three groups, and the normal tissue did not appear to be less variable. We did not find an effect of gender, but there were only three women, and no differences were seen between the different categories of patients based on tumour type.
Our parameters of putrescine uptake in the human lung (apparent Km of 7 The inhibition of putrescine uptake by cystamine was found to be competitive in nature, suggesting that both compounds bind to a common uptake site.'7 Such competitive inhibition, and the apparently high affinity of cystamine for the uptake system, are in agreement with findings in the rat lung. 6 The naturally occurring disulphide cystamine is a possible precursor of the intracellular antioxidant taurine and can also play a part, through protein S-thiolation, in the regulation of cellular NADPH levels in response to oxidative stress. 6 The active uptake of cystamine could, therefore, represent one of the strategies of the lung for increasing its defence against oxidation.
The cellular localisation of putrescine accumulation was investigated by autoradiography and this gave results which were qualitatively very similar to those previously obtained in the rat lung,9-1' although the variation between patients and also within each section was larger than in animal studies. Labelling was clearly most striking over the type II cells, because of their cuboidal form, but a similar density of silver grains per unit area was often found over type I cells. The presence of silver grains over the paranuclear region of type I cells, but not that of endothelial cells, indicated that putrescine is only accumulated by the epithelium. In our previous studyll with rat lung slices we could positively establish that the activity was localised over the epithelial portion of the alveolar septa, rather than their endothelial portion, because we used a quantitative morphometric analysis to overcome the fact that the resolution of the autoradiographic technique is insufficient-even at the electron microscope level-for a reliable, direct localisation of activity in the thin cytoplasmic processes of the type I cells. In the present study we did not undertake this time consuming morphometric analysis, but the similarity between the present and the previous findings is such that we can confidently conclude that most of the putrescine label was indeed located in type I and type II cells. The restriction of this uptake to the epithelium could not be attributed to the accessibility of the medium, as alveolar macrophages were unlabelled. The contribution of type I and type II cells to the total uptake of putrescine by lung slices is thus likely to overshadow that of any other cell type such as non-ciliated bronchiolar epithelial cells which also accumulate putrescine in rat lung slices.9-11 With regard to the latter possibility for the human lung, our sampling strategy was such that only few bronchiolar regions were available in the peripheral parenchyma used for incubations. When such areas were present, a generally low labelling was present in some bronchiolar epithelial cells only, but further experiments will be needed to specifically address this question.
What are the possible (clinical) implications of having established that the human lung possesses an active uptake system for polyamines and cystamine, which is specifically located in the type I and type II cells of the alveolar epithelium? Unfortunately, the hope that the discovery of the system would provide ways of preventing the pulmonary complications of paraquat intoxication, by blocking its cellular uptake, has not materialised, partly because of the very narrow toxicokinetic time frame in which uptake inhibitors would have to be given.2223 Nevertheless, the existence of the uptake system can probably be used to assess the function of the alveolar epithelium. So far this has only been done in vitro and ex vivo in animal models of alveolar injury.9111324 It would be conceivable, however, to take advantage of this metabolic function also in vivo-for example, by administering a non-toxic y emitting substrate of the uptake system in order to evaluate the alveolar epithelium noninvasively. In the present study, when possible, we have also incubated tumour tissue with putrescine and found no evidence for uptake in either squamous cell carcinomas or adenocarcinomas (unpublished observations). However, because some lung tumours, notably bronchioloalveolar carcinomas,25 have phenotypic features of type II cells or Clara cells, it would be interesting to study the uptake of polyamines in such tumours. Similarly, it would be interesting to study conditions of non-malignant type II cell proliferation and hyperplasia. Another potential use of the uptake system lies in the targeting of drugs to the alveolar epithelium, by designing them to be transported via the polyamine/ cystamine uptake system. Finally, we hope that further studies of these processes may contribute to the elucidation of the mechanisms of growth, proliferation, and differentiation in the lung, on the one hand, and those of defence against oxidation on the other.
